We examined the expression of galectin-1, an endogenous lectin with one carbohydrate-binding domain, in the adult mouse hippocampus after systemic kainate administration. We found that the expression of galectin-1 was remarkably increased in activated astrocytes of the CA3 subregion and dentate gyrus of the hippocampus, and in nestin-positive neural progenitors in the dentate gyrus. Quantitative reverse transcription PCR (RT-PCR) analysis revealed that the galectin-1 mRNA level in hippocampus began to increase 1 day after kainate administration and that a 13-fold increase was attained within 3 days. Western blotting analysis confirmed that the level of galectin-1 protein increased to more than three-fold a week after the exposure. We showed that isolated astrocytes express and secrete galectin-1. To clarify the significance of the increased expression of galectin-1 in hippocampus, we compared the levels of hippocampal cell proliferation in galectin-1 knockout and wild-type mice after saline or kainate administration. The number of 5-bromo-2 0 -deoxyuridine (BrdU)-positive cells detected in the subgranular zone (SGZ) of galectin-1 knockout mice decreased to 62% with saline, and to 52% with kainate, as compared with the number seen in the wild-type mice. Most of the BrdU-positive cells in SGZ expressed doublecortin and neuron-specific nuclear protein, indicating that they are immature neurons. We therefore concluded that galectin-1 promotes basal and kainateinduced proliferation of neural progenitors in the hippocampus.
Neurons are expected to survive and function throughout the lifespan of an individual; however, they are postmitotic and no longer proliferative, and are inevitably eliminated as a consequence of damage accumulated during aging. 1 It is considered that there must be multiple mechanisms for maintaining neural networks in adult brains, including neurogenesis by which new neurons are supplied in restricted areas. 2, 3 It has been established that adult neurogenesis in rodents is enhanced after brain insults caused by ischemia 4 and epileptic seizure. 5 Insult to the brain likely triggers signals that activate expression of a set of genes, known as immediate early genes, in the hippocampus and cerebral cortex. 6 Among many immediate early gene products, Jun and Fos family proteins function as components of transcription factor activator protein-1 complexes, 7, 8 and thus regulate transcription of various genes involved in cell proliferation, differentiation, and programmed cell death. 6 We reported earlier that DFosB, an activator protein-1 subunit encoded by an alternatively spliced form of fosB transcript, triggers quiescent cells to transit G1, initiate DNA replication, and ultimately undergo cell division, followed by such fates as proliferation, differentiation, and programmed cell death. [9] [10] [11] [12] DFosB is known to be chronically expressed in the dentate gyrus of hippocampus after ischemia, which is where and when neurogenesis takes place. 13 We identified earlier a downstream target upregulated by DFosB, termed galectin-1, one of the major b-galactoside sugar-binding lectins in mammals. 11 We further showed that this lectin regulates such cell fates as cell proliferation, differentiation, and death, as does DFosB. [12] [13] [14] We thus consider that galectin-1 may also be involved in the regulation of neural cell fate. 15 Galectin-1 is a ubiquitously expressed 14.5-kDa protein with a single carbohydrate-binding domain, and is a multifunctional molecule involved in the regulation of cell adhesion, cell proliferation, and programmed cell death. [16] [17] [18] Galectin-1 is known to be involved in the growth and/or guidance of primary sensory olfactory axons, indicating that it plays a role in neural pathfinding in the mammalian nervous system. 19 Furthermore, galectin-1 promotes axonal regeneration after axotomy in peripheral nerves of rat, 20 suggesting that this lectin may participate in response to brain insult.
In this study, we examined the expression level of galectin-1 in the adult mouse hippocampus after systemic administration of kainate, an agent that produces epileptic seizures and enhances neurogenesis, in order to examine the role of galectin-1 in response to brain insult. Furthermore, we compared the extent of proliferation of neural progenitors in galectin-1 knockout and wild-type mice after kainate exposure.
Results
Systemic administration of kainate induces the expression of galectin-1 in the adult mouse hippocampus. To evaluate the expression of galectin-1 after brain insult, 10-week-old C57BL/6J mice were injected intraperitoneally with kainate (30 mg/kg) and were killed 1 week after injection. The brain sections were then prepared and subjected to immunohistochemistry (IHC). In the untreated mice, the expression of galectin-1 was detected in soma and, to a lesser extent, in neurites of large round neurons scattered in the hippocampus (Figure 1a-c) . After 1 week of kainate administration, the population of galectin-1-positive cells was significantly increased in the hippocampus, especially in the CA3 subregion and, to a lesser extent, in the dentate gyrus (Figure 1d-f) . The immunoreactive signals were not observed in galectin-1 knockout mice with or without kainate administration (Supplementary Figure S1) . We thus concluded that the expression of galectin-1 is inducible in the brain after kainate administration. In the CA3 subregion of the mouse hippocampus, the predominant expression of galectin-1 was observed in cells with multiple Figure 1 Kainate-induced expression of galectin-1. (a-f) Immunohistochemical detection of galectin-1. Mouse brain sections were prepared 1 week after kainate administration (kainate), and were subjected to IHC to detect galectin-1. Untreated mice (saline) were injected with saline instead of kainate. Scale bars: a and d, 1 mm; b, c, e and f, 200 mm; inset, 50 mm. (g) Quantitative analysis of galectin-1 expression induced after the exposure to kainate. Galectin-1 immunoreactivity in the CA3 subregion as shown in the dotted area in panels a and d relative to the value of the untreated group (saline) is shown as a bar graph with the mean ± SD (salineinjected mice, N ¼ 4; kainate-injected mice, N ¼ 5). Unpaired t-test, *Po0.01. (h) Real-time RT-PCR analysis of galectin-1 mRNA. RNA was isolated from the dissected hippocampus at the indicated times after the injection of mice with kainate or 1 week after saline injection (saline), and was then subjected to real-time RT-PCR for galectin-1 (Gal-1) and GAPDH mRNA. The amount of galectin-1 mRNA determined by RT-PCR was normalized with that of GAPDH mRNA at each time point and the amount of the mRNA relative to that of the untreated group is shown in the bar graph as a mean±SD. Unpaired t-test, *Po0.05. (N ¼ 3 mice per group). (i) Western blotting analysis of galectin-1 protein. Whole cell extracts of the mouse hippocampus obtained 1 week after kainate administration were subjected to western blotting analysis for galectin-1 (Gal-1) and b-actin. KO, an extract from a galectin-1 knockout mouse; rGal, recombinant mouse galectin-1.
14 The amount of galectin-1 protein determined by western blotting was normalized with that of b-actin, and the mean value of the amount of galectin-1 relative to that of the untreated group (saline) is shown in the bar graph with the mean ± SD. The control mice injected with saline (N ¼ 3) and kainate-injected mice (N ¼ 4 mice). Unpaired t-test, *Po0.01 Figure 2 Kainate administration induces the expression of galectin-1 in activated astrocytes in the CA3 subregion of mouse hippocampus. Mouse brain sections were prepared a week after kainate administration, and were subjected to multi-immunofluorescence microscopy with a laser scanning confocal microscope. (a-e) Expression of galectin-1 in neurons. Blue, DAPI; red, galectin-1 (Gal-1); and green, NeuN. (f-j) Expression of galectin-1 in microglias. Blue, DAPI; red, galectin-1 (Gal-1); green, F4/80. (k-o) Expression of galectin-1 in astrocytes. Blue, DAPI; red, galectin-1 (Gal-1); and green, GFAP. Scale bars: a, f and k, 200 mm; b-l, g-j and l-o, 50 mm Galectin-1 promotes hippocampal proliferation K Kajitani et al stellate processes, especially in their soma and processes (Figure 1e, inset) . Intensities of galectin-1 immunoreactivity in the CA3 subregion were increased about three-fold 1 week after kainate administration (Figure 1g) .
To evaluate the level of galectin-1 mRNA in the hippocampus, we performed quantitative real-time reverse transcription PCR (RT-PCR). The relative expression level of galectin-1 mRNA began to increase 1 day after kainate administration, and peaked at a level that was 13-fold higher than that of the untreated group 3 days after the exposure (Figure 1h) . A 14.5-kDa galectin-1 protein, which exhibited the same mobility as the recombinant mouse galectin-1 protein, was detected in wild-type but not in galectin-1 knockout mice samples, and the level of galectin-1 protein reached a three-fold higher level 1 week after the exposure, as compared with the level seen in the untreated group (Figure 1i ). We thus concluded that the systemic administration of kainate resulted in an increase in galectin-1 gene expression and the accumulation of galectin-1 protein in the adult mouse hippocampus.
Systemic administration of kainate induces the expression of galectin-1 in activated astrocytes in the CA3 subregion of mouse hippocampus. After kainate administration, galectin-1 immunoreactivity in the CA3 subregion was not detected in either neuron-specific nuclear protein (NeuN)-positive pyramidal neurons ( Figure  2a -e) or microglia with F4/80 immunoreactivity, whose level reached a maximum at 12 h post-exposure and then gradually decreased over a 1-week period (Figure 2f-j) . 21 Instead, as shown in Figure 2k -o, most galectin-1 immunoreactivity in the CA3 subregion after kainate administration co-localized with glial fibrillary acidic protein (GFAP) immunoreactivity. From these results, we concluded that the systemic administration of kainate induces a gliotic response, namely the proliferation of astrocytes in the CA3 subregion. Thereafter, the activated astrocytes produce a large quantity of galectin-1.
To confirm that galectin-1 is indeed expressed in astrocytes, as seen in the hippocampus after kainate administration, we isolated astrocytes from neonatal mouse brains and examined their expression of galectin-1. As shown in Figure 3a (upper panel: cell extract), a substantial amount of galectin-1 was detected in the cultured astrocytes in the absence of kainate, and the level was increased more than two-fold 72 h after exposure to kainate (100 and 300 mM). Furthermore, we detected galectin-1 in conditioned media prepared from cultures of astrocytes in the presence or absence of kainate (Figure 3a , lower panel: medium). The amount of galectin-1 in the conditioned medium was slightly increased 24 h after the kainate exposure. The viability of astrocytes was not decreased in the presence of kainate and there was no detectable GAPDH (glyceraldehyde-3-phosphate dehydrogenase) protein in the conditioned media (data not shown). We therefore concluded that cultured astrocytes express and secrete galectin-1.
As shown in Figure 3b , immunofluorescence confocal microscopy revealed that galectin-1 was localized in the nucleus as well as in the cytoplasm of cultured astrocytes in the absence of kainate and its localization was not altered with kainate exposure (data not shown).
Galectin-1 deficiency does not affect the degeneration of CA3 pyramidal neurons or gliosis in the hippocampus induced by kainate administration. After kainate exposure, wild-type and galectin-1 knockout mice exhibited an almost identical time course as that of epileptiform seizure, and although the extent of the seizure was slightly lower in the galectin-1 knockout mice, this difference was not statistically significant ( Figure 4a ). Furthermore, the two groups of mice exhibited the same survival rate (100%) at 1 week after kainate administration. NeuN immunoreactivity in the CA3 subregion was not decreased in either wild-type or galectin-1 knockout mice (Figure 4b-e and j), indicating no apparent neuronal loss in the CA3 subregion. The mouse 129 strain used in this experiment is known to respond mildly to kainate as compared with other mouse strains, 22 and this may be the reason why we did not observe a loss of pyramidal cells in CA3. The extent of gliosis in the CA3 subregion was assessed by GFAP immunoreactivity, and we found that, after kainate administration, the GFAP index in Figure 3 Isolated primary astrocytes express and secrete galectin-1 in vitro.
(a) Astrocytes isolated from the cerebral cortex obtained from neonatal C57BL/6J mice were kept in a serum-free medium containing 0, 100, and 300 mM kainate for 24 or 72 h. After exposure to kainate, cell extracts from cultured astrocytes and conditioned media were collected and were subjected to western blotting using antirhGal-1. Upper panel: galectin-1 from cell extracts, middle panel: GAPDH from cell extracts, lower panel: galectin-1 in conditioned media. The amount of galectin-1 protein determined by western blotting was normalized with that of GAPDH. (N ¼ 3 per group). The amount of galectin-1 in conditioned media is indicated relative to that of the sample without kainate exposure at 24 h (N ¼ 3 per group). (b) Galectin-1 expression in cultured astrocytes. Cultured astrocytes were subjected to immunofluorescence confocal microscopy with anti-rhGal-1 and anti-S100b. Blue, DAPI; red, galectin-1 (Gal-1); and green, S100b. Scale bar ¼ 40 mm galectin-1 knockout mice was slightly lower than that in the wild-type mice; however, the difference between the two groups was not significant (Figure 4f-i and k). We thus concluded that the increased expression of galectin-1 in the hippocampus did not contribute to either the degeneration of the CA3 pyramidal neurons or to gliosis induced by the systemic administration of kainate.
Systemic administration of kainate also induces the expression of galectin-1 in the dentate gyrus and hippocampal hilus. Recently, it has been reported that galectin-1 is expressed in a subset of slowly dividing astrocytes in the subventricular zone (SVZ) of the lateral ventricle, including neural stem cells, 23 and it is also known that kainate-induced seizure is accompanied by enhanced neurogenesis in the subgranular zone (SGZ) of the dentate gyrus in the hippocampus. 5 We therefore hypothesized that the increased expression of galectin-1 after kainate administration may modulate the extent of neurogenesis in the dentate gyrus. To evaluate this hypothesis, we then examined the alteration of galectin-1 expression in this region, as well as the extent of proliferation of neural progenitors, after the systemic administration of kainate.
Mice were injected intraperitoneally with either saline (vehicle) or 30 mg/kg kainate and were then injected with 50 mg/kg 5-bromo-2 0 -deoxyuridine (BrdU) once a day for a week. The brain sections were examined under immunofluorescence confocal microscopy to detect BrdU, polysialylated neural cell adhesion molecule (PSA-NCAM) as a marker for young immature neurons, 3 and NeuN as a neural marker together with galectin-1 ( Figure 5 ). In the untreated brains, the expression of galectin-1 was barely detectable in the dentate gyrus, whereas scattered cells with large soma in the hippocampal hilus exhibited a low but measurable level of galectin-1 expression (Figure 5b , j and r). After kainate administration, the expression level of galectin-1 was greatly increased, especially in the SGZ of the dentate gyrus ( Figure  5f , n and v). The BrdU-positive population was significantly increased after kainate administration, as shown later in Figure 7 , but most of BrdU-positive cells did not exhibit galectin-1 immunoreactivity (Figure 5e-h ). However, it was noteworthy that we infrequently observed co-localization of galectin-1 immunoreactivity in a small population of BrdUpositive cells (Figure 5e -h; 5.53% arrowhead). PSA-NCAMpositive cells whose population was also significantly increased after kainate administration did not exhibit galectin-1 immunoreactivity (Figure 5m-p) . Cells expressing doublecortin (DCX), another marker for young immature neurons, 3 were found in the SGZ after the exposure to kainate, and these Figure 4 Galectin-1 deficiency does not affect kainate-induced degeneration of CA3 pyramidal cells or the proliferation of astrocytes in the hippocampus. (a) Seizure responses after kainate administration. Every 5 min for 1 h after kainate administration, the observed seizures were scored as described in Materials and Methods, and the mean ± SD value at each time point was plotted. Eight to nine mice per group were observed and scored. Square, wild-type mice; circle, galectin-1 knockout mice. (b-e) The mice were killed 1 week after kainate administration (kainate) or after saline injection (saline), and brain sections were prepared for NeuN immunohistochemistry. (f-i) Gliosis in the mouse hippocampus after kainate administration. Wild-type (WT) and galectin-1 knockout mice (KO) were injected with kainate (kainate) or saline (saline), and at 1 week after the injection, brains were removed and coronal sections were subjected to IHC with anti-GFAP antibody. (j) Galectin-1 deficiency does not affect neurodegeneration in the CA3 subregion after kainate administration. Each NeuN index relative to the value of the untreated group (saline) is shown as a bar graph with the mean ± SD (saline-injected mice, N ¼ 3; kainate-injected mice, N ¼ 3). There was no statistically significant difference between the wild-type (WT) and galectin-1 knockout mice (KO) (examined by the unpaired t-test). (k) Galectin-1 deficiency does not affect gliosis in the hippocampus after kainate administration. Each GFAP index relative to the value of the untreated group (saline) is shown as a bar graph with the mean ± SD (saline-injected mice, N ¼ 5; kainate-injected mice, N ¼ 6). There was no statistically significant difference between the wild-type (WT) and galectin-1 knockout mice (KO) (examined by the Mann-Whitney U-test). Scale bars ¼ 500 mm were also mostly galectin-1-negative (Supplementary Figure  S2) . Furthermore, almost all NeuN-positive neurons were galectin-1-negative regardless of whether kainate was administered (Figure 5q-x) .
To identify cells expressing galectin-1 in the dentate gyrus and hilus of the hippocampus, we next performed immunofluorescence confocal microscopy with antibodies against GFAP, S100b, or nestin together with the antibody against galectin-1 ( Figure 6 ). GFAP-positive cells in the dentate gyrus and hilus of the hippocampus expressed an increased level of galectin-1 after the kainate exposure, as was seen in the CA3 subregion, and some of the galectin-1/GFAP double-positive cells in the SGZ extended their processes into the granular cell layer (GCL) (Figure 6a-h) . On the other hand, S100b-positive astrocytes mostly distributed in the hilus also showed an increased expression of galectin-1 after the kainate exposure, and galectin-1-positive cells in the SGZ were mostly S100b-negative (Figure 6i-p) . In addition, most Figure 5 Kainate-induced cell proliferation in the dentate gyrus accompanied by the increased expression of galectin-1. After kainate administration (kainate), the mice were injected with BrdU once a day for 1 week, then brain sections were prepared and subjected to IHC. Untreated mice (saline) were injected with saline instead of kainate. nestin-positive cells representing neural progenitors in the SGZ, 3 which appeared after the kainate exposure, were found to express galectin-1 (Figure 6q-x) .
Galectin-1 deficiency attenuates both of basal and of kainate-induced proliferation of neural progenitors in the adult mouse hippocampus. In order to clarify the role of galectin-1 in kainate-induced neurogenesis in the dentate gyrus, we compared numbers of BurU-positive cells in the dentate GCL of wild-type and galectin-1 knockout mice administered saline or kainate. Counts were obtained using unbiased stereological counting techniques. In control groups administered saline, the density of BrdU-positive cells in the GCL of galectin-1 knockout mice (mean ± SD ¼ 7560 ± 825 cells per mm 3 ) was 62% of that seen in the wild-type mice (12 222 ± 2833 cells per mm 3 ) (Po0.05) (Figure 7a, b and e) . Furthermore, the numbers of BrdU-positive cells in the GCL of both wild-type and galectin-1 knockout mice were remarkably increased 1 week after kainate administration (Figure 7c and d) , and the density of these cells in the GCL of galectin-1 knockout mice (19 185 ± 5624 cells per mm 2 ) was again 52% of that seen Figure 6 Galectin-1 is expressed in neural progenitors and astrocytes in the dentate gyrus after kainate-induced seizure. (a-h) Distribution of GFAP-positive cells and the expression of galectin-1 in the dentate gyrus after kainate administration. DAPI (a, e; blue), galectin-1 (b, f; red), GFAP (c, g; green), and their merged images are shown (d, h). (i-p) Distribution of S100b-positive cells and expression of galectin-1 in the dentate gyrus after kainate administration. DAPI (i, m; blue), galectin-1 (j, n; red), S100b (k, o; green), and their merged images are shown (l, p). (q-x) Distribution of nestin-positive cells and the expression of galectin-1 in the dentate gyrus after kainate administration. DAPI (q, u; blue), galectin-1 (r, v; red), nestin (s, w; green), and their merged images are shown (t, w). Scale bars ¼ 50 mm (Figure 7e ). In galectin-1 knockout mice, the kainate-induced increase in the density of BrdU-positive cells (mean increase ¼ 11 625 cells per mm 3 ) was about 47% of that seen in the wild-type mice (mean increase ¼ 24 730 cells per mm 3 ). There was no significant difference in the volume of the dentate GCL between the two mouse strains with or without kainate administration (data not shown).
We finally performed immunofluorescence confocal microscopy to confirm that the BrdU-positive cells in the dentate SGZ express DCX or NeuN (Supplementary Figure S3) , and found that more than 70% of the BrdU-positive cells were DCX-positive both in wild-type and galectin-1 knockout mice regardless of kainate administration. Furthermore, 70-80% of the BrdU-positive cells were also NeuN-positive both in wild-type and in galectin-1 knockout mice. About half of DCX-positive cells in the SGZ express lower levels of NeuN in comparison to NeuN-positive neurons in GCL (Supplementary Figure S4 ), indicating that they are young immature neurons. We thus concluded that galectin-1 deficiency significantly attenuates proliferation of neural progenitors in the dentate gyrus of the adult mouse hippocampus both in the presence and absence of brain insult.
Discussion
In this study, we found for the first time that the expression of the galectin-1 gene, both at mRNA and protein levels, is highly induced in activated astrocytes in the CA3 subregion and the dentate gyrus of the adult mouse hippocampus after epileptic seizure caused by the systemic administration of kainate. Furthermore, we showed that galectin-1 deficiency results in attenuated proliferation of neural progenitors in the dentate gyrus both in the presence and absence of brain insult, showing that galectin-1 enhances proliferation of neural progenitors in the adult mouse hippocampus.
Recently, Sakaguchi et al. 23 reported that neural stem cells in the SVZ express galectin-1, and that the population of BrdU-positive cells in the SVZ of galectin-1 knockout mice was 50% of that seen in the wild-type mice. Furthermore, they showed that recombinant galectin-1 promoted the proliferation of neural stem cells both in vitro and in vivo. In this study, we found that a substantial level of galectin-1 is expressed in the hippocampus of normal mice (Figure 1) , and that the density of BrdU-positive cells in the dentate GCL of galectin-1 knockout mice was 62% of that seen in the wild-type mice ( Figure 7) . As more than 70% of BrdU-positive cells in the GCL of both mouse strains were either DCX-or NeuNpositive, markers for newborn neurons or neural cells, respectively 3 (Supplementary Figure S3) , our results indicate that galectin-1 may promote basal neurogenesis in the GCL as well as in the SVZ under normal conditions.
The level of galectin-1 mRNA in the hippocampus began to increase within 1 day of kainate administration and reached a peak within 3 days, followed by an increased expression of galectin-1 protein in the CA3 subregion and the dentate gyrus of the hippocampus 1 week after the exposure (Figure 1) . Immunofluorescence confocal microscopy revealed that activated astrocytes in the CA3 subregion and the dentate gyrus as well as neural progenitors in the SGZ of the dentate gyrus had a significantly increased expression of galectin-1 after exposure to kainate (Figures 2 and 6 ). We isolated astrocytes from neonatal mouse brains, and showed that astrocytes do indeed express and secrete galectin-1 in culture, and that this expression was increased in the presence of kainate (Figure 3 ). Adult neurogenesis in either the SGZ or SVZ is reported to be enhanced after insult to the brain. 5, 13, [24] [25] [26] After kainate was administered to wild-type mice, the density of BrdU-positive cells in the GCL increase significantly (mean increase ¼ 24 730 cells per mm 3 ); however, after it was administered to galectin-1 knockout mice, a lower increase in the density (mean increase ¼ 11 625 cells per mm 3 ) was observed. Again, more than 70% of Figure 7 Galectin-1 deficiency attenuates both of basal and kainate-induced proliferation of neural progenitors in the dentate gyrus. After kainate administration (kainate), the mice were injected with BrdU once a day for 1 week, then brain sections were prepared and subjected to IHC to detect BrdU-positive cells. , and is shown in the bar graph with the mean±SD. Black bar, wild-type mice; white bar, galectin-1 knockout mice. Mann-Whitney U-test, *Po0.05. Scale bars ¼ 500 mm
BrdU-positive cells in both mouse strains were either DCX-or NeuN-positive, indicating that galectin-1 also promotes insultinduced proliferation of neural progenitors in the dentate gyrus. We thus concluded that galectin-1 expressed in activated astrocytes may be involved in the promotion of insult-induced neurogenesis in the dentate gyrus. Recently, it has been reported that a lack of galectin-1 results in defects in myoblast fusion and muscle regeneration after cardiotoxin injury. 27 Taken together, we may suggest that galectin-1 plays an important role during tissue regeneration in response to insults in general.
It is known that astrocytes promote neurogenesis in the adult hippocampus, 28 and we showed in this study that when the hippocampus underwent kainate-induced seizure, activated astrocytes predominantly expressed galectin-1 not only in the CA3 subregion but also in the dentate gyrus, where seizure-induced neurogenesis takes place. Furthermore, in the dentate gyrus, galectin-1 is expressed in GFAP-or nestinpositive but PSA-NCAM/NeuN/BrdU-negative cells, which are likely to be slowly dividing neural progenitors. 3, 29, 30 As shown in Figure 5e -h, we infrequently observed co-localization of galectin-1 immunoreactivity in a small population of BrdUpositive cells after kainate administration, which may represent the slowly dividing neural progenitors. Taken together, we propose that, after kainate-induced seizure, activated astrocytes and neural progenitors produce and secrete galectin-1 and that the secreted galectin-1 promotes proliferation or survival of the latter cells, thus enhancing neurogenesis in the dentate gyrus (Figure 8) .
It is most likely that the galectin-1 secreted from the activated astrocytes functions as a growth-stimulating or survival factor for neural stem cells or progenitors as astrocytes are known to constitute a niche for these types of cells. Galectin-1 is a multifunctional molecule, but the mechanisms for how galectin-1 functions in the central nervous system are not yet well known. It has been reported that galectin-1 induces brain derived neurotrophic factor (BDNF) in astrocytes. 31 Furthermore, it was also reported that BDNF promotes adult neurogenesis. 3, 32 Astrocytes expressing galectin-1 may thus increase the supply of such neurotrophic factors to promote neurogenesis after brain insults.
Axonal regeneration after axotomy of the peripheral nerves is known to be significantly promoted by an oxidized monomeric form of galectin-1 but not by the natural dimeric form. 20, 33 It has been shown that oxidized galectin-1 acts directly on macrophages, which in turn may produce a factor that promotes axonal growth. 33 We have shown earlier that exposure to kainate significantly increases oxidative stress in the hippocampus and that oxidative damage of cellular components is accumulated in hippocampal neurons, astrocytes, and microglias. 21 Therefore, we suggest that astrocytesecreted galectin-1, which is likely to be mostly oxidized, may function in promoting neurogenesis in the dentate gyrus. Identification of the receptor(s) and interacting molecules on these cells would shed light on the network used to regulate insult-induced neurogenesis.
Materials and Methods
Antibodies. Mouse monoclonal antibody to BrdU (BMC9318, 1 : 800) was obtained from Roche Diagnostics Japan (Tokyo, Japan). Rat monoclonal antibody to BrdU (BU1/75 (ICR1) 1 : 1000) was obtained from Abcam KK (Tokyo, Japan). The rabbit polyclonal antibodies (anti-rhGal-1) against recombinant human galectin-1 have been described earlier. 20 Mouse monoclonal antibody to GFAP (G-A-5, 1 : 15 000), a marker for astrocytes, and mouse monoclonal antibody to S100b (SH-B1, 1 : 1000), which is a specific marker for astrocytes, were purchased from SigmaAldrich Japan KK (Tokyo, Japan). Rat monoclonal antibody to F4/80 (CI:A3-1, 1 : 500), a marker for microglia, was purchased from SEROTEC (Oxford, UK). Mouse monoclonal antibody to NeuN (A60, 1 : 30 000), a marker for mature neurons, and mouse monoclonal antibody to PSA-NCAM (2-2B, 1 : 800) were purchased from Chemicon (Temecula, CA, USA). Mouse monoclonal antibody to nestin (rat401, 1 : 400) was purchased from BD Bioscience Pharmingen (San Jose, CA, USA). Goat polyclonal antibody to DCX was purchased from Santa Cruz Technology (Santa Cruz, CA, USA). Alexa Fluor-labeled second antibodies were obtained from Invitrogen Japan (Tokyo, Japan).
Animals. For the analysis of galectin-1 expression by IHC, RT-PCR and western blotting, we used C57BL/6J mice (Clea Japan Inc., Tokyo, Japan). Galectin-1 knockout (129 P3/J Lgals1 À/À ) and wild-type mice (129 P3/J Lgals1 þ / þ ), described earlier, 34 were used to compare seizure responses, gliosis, and neurogenesis after kainate administration. All animals were maintained in an airconditioned specific pathogen-free room with a time-controlled lighting system. The handling and killing of all animals were carried out in accordance with nationally prescribed guidelines, and ethical approval for the study was granted by the Animal Care and Use Committee (Kyushu University, Fukuoka, Japan).
Experimental design and kainate treatment. Eight-to 10-week-old male mice were used for this study. The mice were injected intraperitoneally with either saline (vehicle) or 30 mg/kg kainate (Wako, Osaka, Japan) dissolved in saline, Figure 8 The role of galectin-1 in insult-induced neurogenesis in the dentate gyrus. Kainate administration activates astrocytes and neural progenitors, which results in an increased secretion of galectin-1 in the hippocampal formation. The secreted galectin-1 promotes the proliferation or survival of neural progenitors in the SGZ of dentate gyrus, thereby promoting neurogenesis. The gradient shown at the bottom indicates the level of galectin-1 protein in the niche. Gal-1, galectin-1; KA, kainate; NP, neural progenitor; aNP, activated neural progenitor; GCL, granule cell layer and were then injected daily for 1 week with 50 mg/kg BrdU (Sigma-Aldrich Japan KK, Tokyo, Japan) dissolved in saline. To compare the degree of epileptiform seizure, we observed mice for 1 h after kainate administration and recorded the seizure score: 0, no reaction; 1, arrest of motion; 2, myoclonic jerks of the head and neck, with brief twitching movements; 3, unilateral clonic activity; 4, bilateral forelimb tonic and clonic activity; and 5, generalized tonic-clonic activity with loss of postural tone as well as death from continuous convulsion, according to previously described criteria. 21, 35 Animals were killed 1 day after the last BrdU injection, unless otherwise noted.
Tissue processing and IHC. The animals were deeply anesthetized with pentobarbital (30 mg/kg, i.p.) and were perfused intracardially with saline followed by cold 4% paraformaldehyde in 0.1 M PBS. The brains were removed, immersed for 12 h in the same 4% paraformaldehyde fixative at 4 1C, and cryoprotected in 20 and 30% sucrose in PBS for 48 h at 4 1C. The brains were then frozen and stored at À80 1C until use. Serial coronal sections (40 mm thickness) were cut on a cryostat, collected as free-floating sections (40 mm thickness) in PBS, and then were processed immediately for IHC, according to previously described methods. 21 Digital images were acquired using Axioskop2 Plus equipped with a CCD camera, AxioCam (Carl Zeiss MicroImaging Japan, Tokyo, Japan).
Quantitative analysis of galectin-1 and NeuN expression in the hippocampus. Galectin-1 and NeuN immunostaining was performed with four representative coronal sections from each brain sample. All acquired digital images were processed uniformly at a threshold in gray-scale mode to subtract any background corresponding to areas without tissue, using Adobe Photoshop version 7.0 (Adobe Systems, San Jose, CA, USA). The intensity of each immunoreactivity in a given area of hippocampus (CA3 subregion) was measured using Image Gauge version 3.2 (Fujifilm, Tokyo, Japan). Representative coronal sections were measured and the mean intensity of each immunoreactivity was calculated for each animal as the galectin-1 or NeuN index in CA3.
Quantitative analysis of gliosis by immunohistochemical detection. GFAP immunostaining was performed with six coronal sections from each brain sample corresponding to each first section of six serial sections (bregma À2.54 to À1.70 mm). 36 All acquired digital images were processed uniformly at a threshold in gray-scale mode to subtract any background corresponding to the area without tissue, using Adobe Photoshop version 7.0. The intensity of GFAP immunoreactivity in any given area of the CA3 subregions was measured using Image Gauge version 3.2. Six representative coronal sections with two hippocampus formations corresponding to each first section of six serial sections (bregma À2.54 to À1.70 mm) were measured and the mean intensity of GFAP immunoreactivity was calculated as the GFAP index for each individual animal.
Counting BrdU-positive cells using unbiased stereological counting techniques. Free-floating sections were incubated in 70% formamide in 2 Â SSC for 2 h at 65 1C. The sections were washed in PBD (Triton X-100, 0.3% in PBS) and immersed in H 2 O for 10 min. In addition, the sections were treated with 2 N HCl at room temperature for 30 min, thereby denaturing the nuclear DNA, and were then treated with Tris-HCl (pH 7.5) for 10 min and subjected to IHC with the anti-BrdU antibody. The numbers of BrdU-positive cells in the dentate GCL and in corresponding sample volumes were determined in nine coronal sections, 120 mm apart (bregma À2.46 to À1.34 mm), 36 using a semiautomatic stereology system (StereoInvestigator, MBF Bioscience, Williston, VT, USA). Cells that met the counting criteria through a 40-mm axial distance were counted according to the optical dissector principle. 37 The GCL reference volume was determined by summing the traced granule cell area for each section multiplied by the distance between sections sampled.
Immunofluorescence confocal microscopy. Free-floating sections incubated with an appropriate primary antibody were then incubated with an Alexa Fluor-labeled second antibody for 45 min at room temperature. The sections were further incubated in a solution containing 0.05 mg/ml DAPI (Sigma-Aldrich Japan KK) for 10 min at room temperature, and mounted on slides with Vectashield (Vector Laboratories, Burlingame, CA, USA). Confocal images were acquired using Eclipse TE300 (Nikon, Kanagawa, Japan) equipped with the Radiance 2100 laserscanning confocal microscope system (Bio-Rad Laboratories, Hercules, CA, USA) or an LSM510 META Confocal Microscope System (Carl Zeiss MicroImaging Japan). All sections from each experimental animal and the groups to be compared were processed in parallel.
Real-time RT-PCR analysis. Total RNA from the hippocampus of C57BL/6J mice was prepared using ISOGEN (Nippongene, Tokyo, Japan), and the obtained RNA was treated with RNase-free DNase, according to the manufacturer's instructions. RT-PCR for galectin-1 and GAPDH mRNAs was performed as follows. First-strand cDNA, which was synthesized using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems Japan, Tokyo, Japan) according to the manufacturer's instructions, was subjected to real-time PCR. RT-PCR and the detection of the PCR product in real time were performed using with a POWER SYBR s GREEN PCR MASTER MIX and an ABI PRISM 7000 Sequence Detection System (Applied Biosystems Japan). Serially diluted cDNA was used to obtain a standard curve for each transcript. Primers for galectin-1 mRNA (gal1-F: CCTGGTCCATCTTCACTTCCAT; gal1-R: CTTTGGCCTGGAAAGCACAA) were obtained from Sigma-Aldrich Japan KK, and those for GAPDH mRNA (gapdh-F: AAATGGTGAAGGTCGGTGTG; gapdh-R: TGAAGGGGTCGTTGATGG) were obtained from TAKARA BIO (Shiga, Japan).
Western blotting. Mouse hippocampi were homogenized on ice in 200-400 ml of lysis buffer containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP40, 0.1% SDS, and protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan) using a Potter-type homogenizer. The lysates were centrifuged at 100 000 Â g for 30 min and then the supernatants were recovered. Hippocampal lysates were subjected to SDS-PAGE (15%) followed by western blotting using anti-rhGal-1 (500 ng/ml), according to a previously described method. 38 Recombinant mouse galectin-1 (rmGal-1) expressed in Escherichia coli BL21 cells carrying pET8c: rmGal-1 was used as a standard.
14 The amount of protein was measured using Image Gauge version 3.2.
Astrocyte culture. Primary astrocytes were prepared from the cerebral cortex of 1-day-old C57BL/6J mice, according to a method described earlier. 39 Isolated astrocytes were maintained for 2 weeks in Dulbecco's modified Eagle's medium (Nissui, Tokyo, Japan) containing 10% fetal calf serum (Hyclone, Logan, UT, USA), 0.5 mg/ml insulin (Nacalai Tesque, Kyoto, Japan), 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, and 0.2% NaHCO 3 at 37 1C in 10% CO 2 /90% air. The cell composition of the cultures was checked by immunostaining for S100b, NeuN, and Iba-1. Cultures containing more than 95-99% S100b-positive cells were used (data not shown). Seeded astrocytes were kept in the serum-free medium with or without kainate for up to 2 days. After exposure to kainate, conditioned medium and astrocytes were collected and subjected to western blotting using anti-rhGal-1 (500 ng/ml), according to a previously described method. 38 The conditioned medium was precipitated with trichloroacetic acid before western blotting.
Statistical analysis. The data are expressed as mean±SD. Relative IR comparison, western blotting analysis, real-time RT-PCR data, and NeuN index were compared using an unpaired t-test, and other data were compared using the Mann-Whitney U-test. A level of Po0.05 was considered statistically significant.
